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ABSTRACT: Synoptic-scale moisture transport during large snowfall events in the New Zealand Southern Alps is largely
unknown due to a lack of long-term snow observations. In this study, records from three recently developed automatic
weather stations (Mahanga, Mueller Hut, and Mt Larkins) near the Main Divide of the Southern Alps were used to
identify large snowfall events between 2010 and 2018. The large snowfall events are defined as those events with daily
snow depth increase by greater than the 90th percentile at each site. ERA-Interim reanalysis data were used to char-
acterize the hydrometeorological features of the selected events. Our findings show that large snowfall events in the
Southern Alps generally coincide with strong fields of integrated vapor transport (IVT) within a northwesterly airflow
and concomitant deepening low pressure systems. Considering the frequency of large snowfall events, approximately
61% of such events at Mahanga were associated with narrow corridors of strong water vapor flux, known as atmospheric
rivers (ARs). The contributions of ARs to the large snowfall events at Mueller Hut and Mt Larkins were 70% and 71%,
respectively. Analysis of the vertical profiles of moisture transport dynamics during the passage of a landfalling AR
during 11–12 October 2016 revealed the key characteristics of a snow-generating AR in the Southern Alps. An enhanced
presence of low- and midlevel moisture between 700 and 850 hPa and pronounced increases of wind velocities (more
than 30m s21) with high values of the meridional component between 750 and 850 hPa were identified over the Southern
Alps during the event.
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1. Introduction
In midlatitudes a sizeable fraction of moisture is transported
through atmospheric rivers (AR) (Neiman et al. 2008a; Ralph
et al. 2004). ARs are narrow channels of enhanced water vapor
within the atmosphere that are responsible for most horizontal
transport of moisture outside of the tropics (Zhu and Newell
1998; Ralph et al. 2019). In the hydrometeorological literature,
other terms such as warm conveyor belt (WCB) and tropical
moisture exports (TMEs) are also used to define similar me-
soscale and synoptic-scale features with high water vapor
content impacting the hydrological cycle in many parts of the
world (Gimeno et al. 2014; Ralph et al. 2017). However, TMEs
are characterized by high horizontal export of tropical mois-
ture content to higher latitudes (Lu and Lall 2016), and WCB
are defined as cyclonic-relative airflows as strongly ascending
in the vicinity of extratropical cyclones and their fronts
(Eckhardt et al. 2004). Although the term ‘‘atmospheric
rivers’’ was first used by Zhu and Newell (1998), knowledge
about these filamentary plumes of enhanced moisture in the
lower troposphere has been known for a while (Gimeno et al.
2014). The word ‘‘rivers’’ was used as an analogy of the fila-
mentary water flux to that within the world’s largest rivers
(Gimeno et al. 2014; Newell et al. 1992). Nontechnical terms
such as ‘‘Pineapple Express,’’ ‘‘Hawaiian fire hose,’’ and
‘‘Maya Express’’ are commonly synonymous to this phenomenon
in North America (Dirmeyer and Kinter 2009; Lackmann and
Gyakum 1999). More than 90% of total water vapor flux at
midlatitudes is found to be associated with ARs (Zhu and Newell
1998; Neiman et al. 2008a). The two main sources of moisture in
ARs are local moisture convergence along the cold front of an
extratropical cyclone and the direct poleward transport of tropical
moisture (Bao et al. 2006).
The high moisture content and strong wind velocities asso-
ciated with ARs usually bring about heavy precipitation, es-
pecially when they intercept mountain terrains (Neiman et al.
2013; Ralph et al. 2004; Rutz et al. 2014; Junker et al. 2008;
Guan et al. 2010). Strong relationships have been found be-
tween ARs and hydrological processes such as precipitation,
streamflow and flooding events in the midlatitudes of western
North America (Ralph et al. 2016; Neiman et al. 2008b; Guan
et al. 2010; Dettinger et al. 2011; Neiman et al. 2008a; Leung
and Qian 2009), South America (Viale and Nuñez 2011; Viale
et al. 2018; Molero and Novelli 2019), and Europe (Stohl et al.
2008; Whan et al. 2020; Lavers et al. 2012; Lavers and Villarini
2013; Benedict et al. 2019). In the western United States, for
example, it is estimated that 25%–50% of the total water
supply in California is due to the landfall of ARs (Guan et al.
2010; Dettinger et al. 2011). One of the reasons ARs have re-
cently gained more attention in regions such as western United
States is their potential to put an end to long-term droughts.
About 33%–40% of the drought breaks in California are re-
lated to the landfall of atmospheric rivers (Dettinger 2013).
At higher altitudes, ARs have been found to be an important
source of solid precipitation in the Sierra Nevada, the Andes,
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and Antarctica (Guan et al. 2010, 2013, 2012; Hansen et al.
2013; Demaria et al. 2017; Huning et al. 2017, 2019). Satellite
measurements and in situ observations in the western United
States show that up to 40% of seasonal snow water equivalent
are the result of ARs (Guan et al. 2010). Frequent landfalls of
ARs accompanied by the negative phases of the Arctic
Oscillation (AO) and the Pacific–North American (PNA) at-
mospheric circulation indices provide conditions favorable for
anomalously high snow accumulation across the Sierra Nevada
(Guan et al. 2013). The penetration of ARs to the inland
semiarid Southwest of the United States can lead to a contri-
bution of more than 25% of winter precipitation (Demaria
et al. 2017). The analysis of three historic snowstorms during
the past 60 years on Mt. Shasta, in California, United States,
demonstrated a clear link between large snowfall events and
ARs (Hansen 2016). Investigation of climatology of winter
precipitation over the subtropical central Andes indicates that
strong water vapor transport from the Pacific Ocean largely
modulates heavy snowfall events in the region (Viale and
Nuñez 2011). In the southern Andes, Saavedra et al. (2020)
reported that around 51% of total snow accumulation is the
result of ARs. Similarly, Gorodetskaya et al. (2014) reported a
close connection between extreme snowfall events and strong
moisture fluxes associated with ARs in East Antarctica where
a large portion of annual snow accumulation is found to
be linked to few extreme snowfall events.
Moisture transport in the South Pacific region across the
Tasman Sea enhanced by regional orographic influence is a
typical feature of winter precipitation in the Southern Alps
(Little et al. 2019; Cullen et al. 2019). However, the contribu-
tion of ARs in climate and hydrometeorology of the Southern
Alps is limited. This is surprising given that recent global
studies have shown that a considerable number ofARs occur in
the New Zealand region (Waliser and Guan 2017; Guan and
Waliser 2015). Recently Kingston et al. (2016) investigated the
impact of ARs on extreme flooding events at theWaitaki River
between 1972 and 2012, finding that all major flooding events
were associated with ARs. Their study highlighted the need for
further investigation to better understand the role of ARs in
the region. More recently, Little et al. (2019) documented the
role of ARs on glacier mass balance at Brewster glacier, lo-
cated on the west side of theMainDivide of the SouthernAlps,
showing significant relationship between ARs and glacier mass
gain and loss by influencing snow accumulation and snow ab-
lation. It is, therefore, important to examine the role of ARs on
large snowfall events at a greater spatial scale across the
Southern Alps.
Given the importance of westerly and northwesterly airflow
for Southern Alps precipitation (Henderson and Thosmson
1999; Griffiths and Mcsaveney 1983; Little et al. 2019; Purdie
et al. 2011), of particular interest is the analysis of moisture
transport in the South Pacific region over the Tasman Sea and
its relationship with large snowfall events in the SouthernAlps.
Large snowfall events are a critical source of water inmountain
catchments by increasing total snow water equivalent (SWE).
The SouthernAlps form the headwaters of most of the rivers in
the South Island. Seasonal snow is an important element of
water resources in the Southern Alps by influencing the timing
and magnitude of the discharge of alpine rivers (Clark et al.
2009; Kerr 2013). Meltwater from seasonal snowpacks can
contribute up to 40%–50% of the discharge in upper alpine
catchments which in turn feed major rivers in the Southern
Alps (Fitzharris and Garr 1995; Sirguey 2009). This contribu-
tion impacts the hydroelectricity generation capability and
sustainable irrigation during summer (Hendrikx et al. 2012;
McKerchar et al. 1998; Thompson 2002). However, climate
change is expected to substantially impact the seasonal snow-
packs in the Southern Alps (Hendrikx et al. 2012; Poyck et al.
2011; Jobst et al. 2018).
Regional climate models currently suggest that the maxi-
mum daily temperatures in the Southern Alps of New Zealand
could rise by more than 48C by the end of this century (Dean
et al. 2006). Improved understanding of the atmospheric dy-
namics and moisture transport controlling the timing and
magnitude of snowfall will provide important information for
water management policies in the region, given the potential
impact of climate change on the distribution and duration of
seasonal snowpacks in the Southern Alps. The main objective
of this study is to explore the key characteristics of moisture
flux during large snowfall events in the region. Gridded at-
mospheric reanalysis data and daily snow observations across
the SouthernAlps are used to assess the contribution of ARs to
such events by analyzing the magnitudes of integrated vapor
transport (IVT) during snowstorms.
2. Data and methodology
a. Data sources
Snow observations were obtained from the Snow and Ice
Monitoring Network (SIN). SIN is a network of high-altitude
automatic weather stations (AWS) established by New Zealand
National Institute ofWater and Atmospheric Research (NIWA).
Three SIN sites, namely, Mahanga, Mueller Hut, and Mt Larkins
(Fig. 1) were selected because of their spatial distribution across
the Southern Alps providing coverage of the north, middle, and
southern portions of the SouthernAlps. All three sites are located
in the upper terrains of the Southern Alps close to the Main
Divide at relatively high altitudes (Mahanga: 1955m, Mueller
Hut: 1818m, Mt Larkins: 1900m). Continuous records of snow
depth measurements are available since 2009 at Mahanga, 2010
at Mueller Hut, and 2014 at Mt Larkins.
To identify daily snowfall events, snow depth observations
recorded by an ultrasonic depth gauge (SR50) were used. Only
daily snowfall events with depths greater than 2.5mm, which is
the precision of the recorded data, were considered at each
station. In hydrological studies the threshold used to determine
large or extreme events such as precipitation, or flooding is
mostly based on percentile-based indices, for example, using
the percentile values of .90th, .95th, .99th, and .99.9th
(Vicente-Serrano et al. 2017; Lute and Abatzoglou 2014).
Different thresholds of daily snowfall ranging from 5 to 33 cm
of daily snow depth increase have been used in previous studies
to determine large snowfall events (seeBirkeland andMock 1996;
Bednorz 2011; Merino et al. 2014; Bednorz and Wibig 2016).
Snowfall varies spatially and temporally across the Southern
Alps (Kerr et al. 2013; Webster et al. 2015; Clark et al. 2011;
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Purdie et al. 2011); therefore, a single threshold cannot be used to
identify large events over the region. For the purpose of this study,
the selection of large events was based on 24-h snow depth in-
crease by greater than the 90th percentile at each site over the
period of observation. In the case where large snowfall events
were associated with snowstorms longer than 24h, analysis was
conducted for the total period of the storm rather than individual
snowfall days.
The meteorological fields were obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim) data (Dee et al. 2011).
Meteorological observations on land and ocean are assimi-
lated into numerical weather prediction models to pro-
duce atmospheric reanalysis data (Lavers et al. 2012).
ERA-Interim data were retrieved at 6-hourly temporal
resolution and 0.58 3 0.58 spatial resolution for a geographic
window spanning of 108–608S and 1308E–1608W (see Fig. 1b).
The data used in this study include sea level pressure (SLP;
hPa), geopotential height at 500 hPa (Z500; m), temperature
(T; 8C), specific humidity (q; g kg21), specific cloud ice water
content (g kg21), zonal and meridional wind fields (u and
y; m s21), vertical integral of cloud frozen water flux (VICFWF;
kgm21 s21), and vertical integral of liquid water flux (VICLWF;
kgm21 s21).
b. Moisture transport: Identification of ARs
The total amount of water in the atmosphere provides crit-
ical information about moisture transport from tropics to
midlatitudes (Schumacher et al. 2020; Lavers et al. 2012;
Dettinger et al. 2011; Rutz et al. 2014). There are two com-
monly used methods to quantify intense lower-tropospheric
moisture. The first approach measures the IVT (kgm21 s21)
and the second approach measures integrated water vapor


















FIG. 1. (a) Synoptic window over South Pacific region used in this study (108–608S and 1308E–1608W), (b) locations of automatic weather
stations (yellow dots) in the Southern Alps, and (c) photos of three study sites. Photo credits: NIWA’s field team.
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where g (m s22) is the gravitational acceleration, q (gKg21)
is the specific humidity, u (m s21) is the zonal component of
the wind, y (m s21) is the meridional component of the wind,







where g (m s22) is the gravitational acceleration and q (gKg21)
is the specific humidity. The merit of the use of AR detection
algorithms to study the moisture transport is the relative sim-
plicity of finding the filamentary patterns of water vapor asso-
ciated with this phenomenon as well as simple identification of
the role of ARs in the hydrological cycle at a regional and global
scale (Gimeno et al. 2014; Hansen 2016; Rutz et al. 2019). In
most recent hydrometeorological studies IVT is preferred over
IWV for identifying ARs (Young et al. 2017; Ralph et al. 2019;
Waliser and Guan 2017; Cordeira et al. 2017). This is mainly
because IVT has a better relationship with precipitation over
mountainous terrains (Junker et al. 2008; Guan et al. 2013),
and a stronger correlation with winter precipitation (Rutz et al.
2014; Guan et al. 2013, 2016, 2010). The IVT prior and during
the snowfall events was computed for the synoptic window of
108–608S and 1308E–1608W (Fig. 1a). The integration was con-
ducted on specific humidity and u and v components of the wind
for 50-hPa intervals between 300 and 1000hPa using Eq. (1).
This study followed the approach taken by Rutz et al. (2014)
where areas with IVT greater than a specific threshold (e.g.,
100 or 250 kgm21 s21), longer than 2000 km in length, and with
length/width (L/w) ratio of greater than 2 are identified as
ARs. Most AR detection algorithms are based on employing
IVT thresholds (e.g., Neiman et al. 2008a; Dettinger et al. 2011;
Gimeno et al. 2014). The 85th percentile of IVT values have
been used in several studies conducted in midlatitudes of
Europe and North America (Guan and Waliser 2015; Lavers
et al. 2012; Shields et al. 2018; Rutz et al. 2019), and this is the
approach used here.We calculate the 6-hourly IVT values for a
grid point located on the west coast of South Island approxi-
mately between 40.58 and 468S (Figs. 2a,b) during themain snow
accumulation months in the Southern Alps (June–October
2009–17). The selection of IVT threshold (232.6 kgm21 s21)
during snow accumulation months is because considerable dif-
ferences in the values of IVT have been reported for different
seasons in midlatitude regions (Guan and Waliser 2015; Lavers
et al. 2012). Next we calculate the average IVT over the course
of each snowfall event on the west coast of South Island at the
closest grid point to each snow observation (Mahanga: 41.58S,
1718E; Mueller Hut: 43.58S, 1698E; Mt Larkins: 44.58S, 1678E).
If the average IVT during each snowfall event exceeds the
threshold, the moisture flux will be checked for the shape re-
quirements (L $ 2000km and L/w $ 2).
In addition to analysis of IVT, in order to obtain more
information about the moisture transport during the days
leading to the snowfall events, the average values of ERA-
Interim VICFWF and VICLWF (kgm21 s21) are calcu-
lated. These two variables reveal the relative amounts of
solid or liquid water in the clouds (Daniel et al. 2002) which
largely influences precipitation in mountainous regions
by impacting the seeder–feeder phenomenon (Khain and
Pinsky 2018).
3. Results
a. Large snowfall events in the Southern Alps
Measurements of snow depth over the course of this study
reveal that snowfall events can occur throughout the year in the
Southern Alps. However, at Mahanga, the most northern sta-
tion, snow mainly accumulates from June to September,
reaching a peak in September (Fig. 3a). AtMueller Hut andMt
Larkins sites the snow accumulation season is slightly longer,
ending in October, with a maximum accumulation between
mid-September to early October (Figs. 3b,c). Snowmelt, how-
ever, occurs over a relatively shorter period in the Southern
Alps. At Mueller Hut and Mt Larkins the snowmelt period is
usually between mid-October and mid-December, while at
Mahanga seasonal snowpack melts from approximately late
September to mid-November. The 90th percentile of daily snow
depth led to selecting a threshold of 12.5 cm of daily snow for
FIG. 2. (a) A detected AR over South Island of New Zealand.
The black square marks the location of the grid point at which the
85th percentile IVT was calculated. (b) Time series of average IVT
for the period of 2009–17 along the west coast of New Zealand’s
South Island (438S, 170.58E). The red dashed line represents the
85th percentile of IVT value (232 kgm21 s21).
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Mahanga, 18 cm for Mt Larkins, and 31 cm for Mueller Hut for
detecting large snowfall events. This amounted to 21 events at
Mahanga, 17 events atMueller Hut, and 14 events atMt Larkins
(Table 1). The proportion of the average annual sum of large
snowfall events relative to the total snow accumulation indicates
that an average of 26% (Mahanga), 32% (Mueller Hut), and
28% (Mt Larkins) of the interannual variability in snow depth
were associated with these events. In the winter of 2016/17, ap-
proximately 40% of annual snow accumulation recorded at
Mueller Hut was received during only six large snowfall events.
b. Association of ARs with large snowfall events
Figure 4 shows the average values of 6-hourly IVT, VICFWF,
and VICLWF during the large snowfall events. The mean esti-
mates of VICFWF and VICLWF during the snowfall events
were used to diagnose the importance of the moisture content in
the clouds during the snowfall events. Figure 4a reveals that over
the period of snowstorms VICFWF increased toward the
Southern Alps where the highest values of VICFWF were cal-
culated for the grid points of three snow observation sites near
the Main Divide (2.8 kgm21 s21 at Mahanga, 3.4 kgm21 s21 at
Mueller Hut, and 3.3 kgm21 s21 at Mt Larkins). The average
values of VICLWF shows a similar pattern to VICFWF; how-
ever, the liquid water flux decreases from the west coast toward
the Southern Alps with the higher values recorded on the west
coast of the South Island (3.9 kgm21 s21 at Mahanga,
5.4 kgm21 s21 atMueller Hut, and 4.7 kgm21 s21 atMt Larkins,
Fig. 4b). Depicting the average values of 6-hourly IVT
during the large snowfall, Fig. 4c shows relatively high
moisture flux (greater than IVT 85th percentile: 232 kgm21 s21)
FIG. 3. The average daily (lines) and monthly (bar charts) snow accumulation at (a) Mahanga
(2009–17), (b) Mueller Hut (2010–17), and (c) Mt Larkins (2014–17).
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9 Jun 2009 12 14.1 390 170.7 242.2 ✓ No
3 Jul 2009 18 12.7 363.8 187.9 194.9 ✓ No
23–24 Jul 2009 22 42.0 476 314.4 362.7 ✓ Yes
31 Aug 2009 16 12.7 600.6 410.7 443.3 ✓ Yes
8 Jun 2010 22 18.8 540.9 322.6 369.1 ✓ Yes
9–10 Nov 2010 24 16.7 359.5 247.3 265.9 ✓ Yes
20 Oct 2010 13 13.8 225.8 176.9 195.0 3 No
18 Jun 2012 19 15.0 402.1 288.3 324.1 ✓ Yes
9 Sep 2012 34 18.2 664.9 403.3 487.7 ✓ Yes
8 Aug 2013 14 14.2 319.8 245.5 263.2 ✓ Yes
12–13 Aug 2014 18 29.0 461.8 261.9 353.4 ✓ Yes
16–17 Sep 2014 28 17.1 289.1 179.2 198.3 3 No
20 Sep 2014 18 17.0 273.9 199.3 225.9 ✓ No
12 Nov2014 25 14.0 392.8 254.7 329.8 ✓ Yes
19 Nov 2014 18 14.3 309.3 222.9 251.6 ✓ No
20 May 2016 21 14.6 464.6 281.8 326.1 3 No
21 Jun 2016 24 31.9 513.2 382.8 263.6 ✓ Yes
3 Jul 2016 19 13.7 310.4 221.1 146.1 3 No
26–27 Jul 2016 37 27.0 403.6 245.1 276.9 ✓ Yes
14 Aug 2017 12 21.3 360.2 284.4 297.5 ✓ Yes
7 Sep 2017 16 26.9 320.19 242.2 265.5 ✓ Yes
Contribution of large snowfall events to the total annual snow accumulation: 26%
Contribution of ARs to large snowfall events: 61% (13 events)
Mueller Hut
25 Sep 2010 19 30.3 377.7 307.7 338.8 ✓ Yes
18–19 Oct 2011 32 49.5 321.8 245.2 356.6 ✓ Yes
2–3 Aug 2014 29 74.7 441.7 269.9 424.9 ✓ Yes
12–13 Aug 2014 18 32.5 269.3 203.1 340.9 3 No
15–16 Sep 2014 24 35.2 177.6 150.9 178.8 3 No
19–20 Nov 2014 27 32.4 362.1 254.8 294.6 ✓ Yes
1–2 Sep 2015 26 32.3 435.0 345.1 296.2 ✓ Yes
13–14 Jul 2016 28 99.0 542.2 366.3 556.8 ✓ Yes
24 Jul 2016 21 32.8 525.4 299.9 511.0 ✓ Yes
28–29 Jul 2016 34 31.1 238.2 152.5 189.8 3 No
11–12 Oct 2016 18 70.0 485.9 355 478.0 ✓ Yes
12 Oct 2016 22 30.9 88.5 65.7 79.5 3 No
26–27 Nov 2016 46 35.5 332.0 269.2 274.0 ✓ Yes
1–2 Jul 2017 32 81.3 368.1 237.4 366.6 ✓ Yes
22 Jul 2017 26 51.4 369.4 319.9 452.7 ✓ Yes
13–14 Aug 2017 32 33.0 330.2 236.6 240.1 3 No
5–6 Sep 2017 34 63.0 280.0 237.0 276.9 ✓ Yes
Contribution of large snowfall events to the total annual snow accumulation: 32%
Contribution of ARs to large snowfall events: 70% (12 events)
Mt Larkins
1 Jul 2014 20 34.0 520.4 319.0 425.9 ✓ Yes
11 Aug 2014 18 29.9 410.8 231.6 78.4 3 No
14–15 May 2015 32 46.5 360.3 262.8 286.9 3 No
15 Jun 2015 22 33.9 317.3 281.0 273.7 ✓ Yes
18 Jun 2015 18 24.6 508.3 326.0 404.5 ✓ Yes
19 Aug 2015 19 19.6 367.2 268.4 269.8 ✓ Yes
13–14 Jul 2016 34 67.0 541.0 301.1 398.6 ✓ Yes
27–28 Jul 2016 34 59.5 302.4 264.0 271.3 3 No
11–12 Oct 2016 24 108.0 570.8 374.6 495.4 ✓ Yes
26–27 Nov 2016 24 27.0 504.3 276.9 325.1 ✓ Yes
13 Aug 2017 22 29.5 372.2 258.1 256.3 ✓ Yes
5–6 Sep 2017 28 23.8 355.5 264.5 245.9 ✓ Yes
9 Sep 2017 18 32.7 242.2 153.9 218.1 3 No
5 Nov 2017 14 25.9 366.4 280.3 255.8 ✓ Yes
Contribution of large snowfall events to the total annual snow accumulation: 28%
Contribution of ARs to large snowfall events: 71% (10 events)
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FIG. 4. (a) Average VICFWF (kgm21 s21), (b) average VICLWF (kgm21 s21), and (c) average IVT (kgm21 s21). The average values are
calculated during large snowfall events at Mahanga (2009–2017), Mueller Hut (2010–17), and Mt Larkins (2014–17).
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along the west coast of South Island. The average IVT is within
the range of 260–300 kgm21 s21 over the period of the snow-
storms (260 kgm21 s21 at Mahanga, 290 kgm21 s21 at Mueller
Hut, and 275 kgm21 s21 at Mt Larkins).
As the main focus of this study is the assessment of moisture
transport for each individual storm, the key characteristics of
moisture flux during the identified large snowfall events have
been explored. Table 1 summarizes the details of IVT calcula-
tions, the requirements for AR identification as well as duration
and total accumulated snow depth during the events. Three ex-
amples of identified landfallingARs responsible for large snowfall
events at the three locations are shown in Fig. 5. These threeARs
resulted in the largest snowfall event recorded at each location
(see Table 1). Despite considerable snowfall events at high alti-
tudes, these ARs brought about rainfall alongside the coastal re-
gions. During 13–14 July 2016, for example, when the snowstorm
dominated themajority of the upper terrains of the SouthernAlps
(e.g., ;99 cm of snowfall at Mueller Hut, see Table 1), coastal
regions such as Northern Taranaki (southwest of North Island,
Fig. 1) received considerable rainfall up to 225mm during the
passage of the AR over a period of less than 36h (Brandolino
2016a). Weather stations on the western South Island recorded
heavy rainfalls when the AR made landfall over the region (e.g.,
200mm at Hokitika Gorge and 430mm at Cropp River).
Likewise, during the June 2009 and October 2016 snowstorms,
heavy rainfall events (more than 100mmday21) was recorded
on the west coast of the South Island (Brandolino 2016b).
In termsofmagnitude, the analysis of IVTduring the landfall of
ARs alongside the west coast of the south Island reveals maxi-
mum instantaneous values greater than 500kgm21 s21 during the
snowstorms over the SouthernAlps (e.g., 9 September 2012 event
at Mahanga, 13–14 July 2016 event at Mueller Hut, and 11–
12 October at Mt Larkins). However, the average values of IVT
over the period of each snowstorm remains mainly below
300kgm21 s21. Also, near theMainDivide of the SouthernAlps,
where the snow observation sites are located, rarely does the
maximum IVT exceed 500kgm21 s21. Our results show that,
considering the frequency of large snowfall events reported in
Table 1, approximately 61% of large snowfall events at Mahanga
(13 out of 21 events) were associated withARs. The contributions
of ARs to the large snowfall events at Mueller Hut and
Mt Larkins were 70% (12 out of 17 events) and 71% (10 out of
14), respectively. However, based on the snow depth increase
these proportions are 71%, 80%, and 70% forMahanga, Mueller
Hut, and Mt Larkins, respectively. It is worth noting that from a
hydrological perspective it would have been desirable to calculate
these contributions based on snow water equivalent rather than
snow depth. However, due to lack of reliable and consistent snow
water equivalent data during all snowfall events our analysis was
limited to snow depth observations. These findings still provide
some insight into the potential importance of such narrow chan-
nels of moisture to large snow events in the maritime Southern
Alps, where up to 40% the total snow accumulation could result
from several snowfall events.
c. Case study: October 2016 event
To better understand the hydrometeorological characteris-
tics of large snowfall events, a case study of a landfalling AR in
FIG. 5. Examples of ARs during large snowfall events at
(a) Mahanga, (b) Mueller Hut, and (c) Mt Larkins. The black dots
mark the locations of snow observation sites, and the white squares
mark the locations of the closest grid point on thewest coast ofNew
Zealand South Island to each snow observation site. Green arrows
indicate the wind vectors at 850 hPa.
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the Southern Alps is selected for further analysis. The event on
the 11–12 October 2016 was chosen because it resulted in
considerable snow accumulation at Mt Larkins and Mueller
Hut, but liquid precipitation was recorded at Mahanga in the
northern part of the Southern Alps. The measurements of
snowfall characteristics (SD and SWE) and climate variables
(temperature and wind speed) at these locations during the
storm are shown in Fig. 6. The event was the largest snowfall
event recorded at Mt Larkins with an increase of 108 cm in SD
and 17.2 cm in SWE over the period of the storm. Heavy
snowfall resulted in road closures of some alpine roads in
central and southern parts of South Island. Observations at
Mueller Hut show an initial increase in SWE without in-
creasing SD. Even though the rain gauge did not record any
measurable precipitation at this stage, relatively higher air
temperatures (above 08C) suggest that this increase in SWE
FIG. 6. Hourly hydrometeorological observations recorded at (a) Mahanga, (b) Mueller Hut,
and (c) Mt Larkins during October 2016 event.
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could be attributed to a short period of rainfall due to warmer
airmasses over the SouthernAlps ahead of the frontal passages
and before snow started falling. Strong wind velocities (up to
19.8m s21) could also explain a potential undercatch of liquid
precipitation by the rain bucket. Overall, Mueller Hut site
received 70 cm of total accumulated snow during the event
(Fig. 6b). Despite considerable snow accumulation further
south, the AR resulted in rain-on-snow (ROS) conditions at
Mahanga with a total accumulated rainfall of 22mm (Fig. 6a).
HYDROMETEOROLOGICAL CHARACTERISTICS
Analysis of SLP (hPa) and surface temperature T (8C)
during the days leading to the snowstorm indicates that the
event was the result of a rapidly deepening low pressure system
with a central pressure of ;950 hPa near 588S and 1438E at
0000 New Zealand standard time (NZST) 10 October 2016
(Fig. 7). The cold front, marking the boundary between the
colder maritime air mass and the warmer air mass, moved from
southwest to northeast toward the South Island. The position
of the cold front during the storm seemed to play an important
role in determining the type of precipitation over the Southern
Alps.While the cold front passes through, northern parts of the
Southern Alps remain on the warmer side of the front during
11–12 October.
To further analyze the moisture transport during the storm,
the 6-hourly IVT fields were calculated prior and during the
event (Fig. 8a). An AR with an exceptionally high moisture
flux (core IVT values exceeding 1900 kgm21 s21) traveled
southeastward from the south of Australia. The AR did not
initially make landfall alongside the west coast. The spatial
distribution and transport of moisture during the days prior to
the snowstorm shows the passage of the AR at southern lati-
tudes as it passed the south of the South Island. Afterward, the
intense water vapor flux moved northeastward and made
landfall over the Southern Alps leading to considerable snow
accumulation over the high altitudes of southern and central
parts of the Southern Alps. The values of IVT during the
passage of the atmospheric river over the three sites are shown
in Fig. 8b. Amaximum IVT of 500 kgm21 s21 was calculated at
Mt Larkins at 0000 NZST 11 October 2016. A similar value of
IVT (480 kgm21 s21) was recorded at theMueller Hut location
at 1200 NZST 11 October 2016. However, the magnitude of
IVT decreased as the AR traveled north. Figure 9 shows spe-
cific humidity and wind fields over a period of 24 h for three
pressure levels (500, 800, 900 hPa). The low- and midtropo-
spheric specific humidity fields show different distribution with
an increasing gradient toward the surface. On the west coast of
South Island, values more than 6 g kg21 were recorded at
900 hPa. Wind fields at lower and middle troposphere indicate
directions perpendicular to the main axis of the Southern Alps
as the AR moves over the Southern Alps.
The vertical profiles of specific cloud liquid and ice water
content and wind components across the cold fronts during the
passage of the ARs over the SouthernAlps are given in Fig. 10.
The analysis of vertical profiles is conducted to shed more light
on the physical processes lying between the synoptic and local
scales and characterize the dynamics of moisture transport
leading to intense precipitation. The values of specific cloud ice
water content showed an increase at middle troposphere at
0000 NZST 11 October 2016 while a distinct rise of specific
cloud liquid water was identified between 750 and 900 hPa
(Fig. 10a). This coincides with enhanced magnitude of wind
velocities below 700 hPa (Fig. 10). The meridional component
of the wind at middle and lower levels showed a significant
increase reaching a peak of 26m s21 at 950 hPa. Also, total
wind speed values more than 30m s21 was identified between
850 and 950 hPa. This condition reveals the importance of mid-
and low-level jet streams in transporting water vapor from the
Pacific Ocean toward the Southern Alps during the event.
Somewhat similar conditions can be seen across the cold front
over the Southern Alps at 1200 NZST 11 October 2016 when
the AR moved toward northeast (Fig. 10b). At this time the
cold front was located approximately close to the grid point of
Mt Larkins (Fig. 7) when the majority of snow accumulation
during the passage of the storm occurred at Mt Larkins and
Mueller Hut (Fig. 6).
Another key feature of the ARwas an increase in the values
of the VICFWF and VICLWF at 0000 NZST 11 October 2016
when AR making landfall across the southern parts of the
South Island (Fig. 11). A reduction in VICFWF, representing
the ice content of the clouds, was found when the AR moves
toward the northern part of the Southern Alps (Figs. 11a,c),
while themagnitudes ofVICWF, representing the liquid content
of cloud, were still relatively high (;20kgm21 s21, Fig. 11d).
Assessing the temperature characteristics of ARs is essential for
evaluating their role in producing snow or rain in the mountains.
AR-related storms are generally warm by nature due to warmer
vapor airflows originating from tropics (Neiman et al. 2008a;
Rössler et al. 2014; Guan et al. 2016). During the October 2016
storm the temperature profile between 300 and 1000 hPa
(Fig. 11e) reveals that temperatures at pressure levels above
850 hPa were above 08C at the grid points of Mueller Hut and
Mt Larkins sites at 0000 NZST 11 October 2016, while the
freezing level was much higher at Mahanga (;700 hPa). The
reduction in cloud ice content and higher freezing level
(700 hPa) as the AR move toward northern parts of the
Southern Alps provide more evidence as to why the precipi-
tation type shifts from solid to liquid as the AR during the
passage of the AR at Mahanga.
4. Discussion
The characteristics of moisture transport during the large
snowfall events across the Southern Alps was explored. Data
from three SIN sites, distributed along the length of the
Southern Alps, have provided valuable observations of the
seasonal distribution of snow across the region (Fig. 2). During
the large snowfall events in the Southern Alps, enhanced
moisture transport with increasing fields of IVT, VICFWF, and
VICLWF were identified in the region. The majority of the
large snowfall events investigated were found to be associated
withARs and their large-scale water vapor transport across the
Tasman Sea. These ARs are transient features at midlatitudes
of the Southern Alps with a typical life span of less than 36 h
(Table 1). The key role of ARs in winter precipitation of the
SouthernAlps are in line with previous studies in other parts of
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the world such as eastern Antarctica (Gorodetskaya et al.
2014), the western United states (Guan et al. 2013; Hansen
2016; Backes et al. 2015), and the South American Andes
(Viale and Nuñez 2011; Saavedra et al. 2020), where a large
fraction of total annual snow accumulation is received amidst
the landfall of several ARs during a snow year. The magnitude
of maximum IVT during the snowstorms rarely exceeds
600 kgm21 s21 along the west coast of the South Island, and the
FIG. 7. Analysis maps of surface temperature T (8C) and SLP (hPa) during October 2016
event. The cold and warm fronts on the maps have been redrawn according to surface analysis
maps of the Australian Bureau of Meteorology (from http://www.bom.gov.au/).
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FIG. 8. (a) Six-hourly IVT (kgm21 s21) during October 2016 snowstorm and (b) time series of 6-hourly IVT (kgm21 s21) at three
locations.
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maximum IVT remains mainly just below 500 kgm21 s21 at the
locations of the snow observations across the Southern Alps.
These results are in broad consistency with a recent study by
Little et al. (2019), who also reported IVT values between 250
and 500 kgm21 s21 associated with the five most extreme
snowfall events on Brewster Glacier, located on the west flank
of the Main Divide of the Southern Alps.
However, the IVT values calculated during large wintertime
snowfall events in the Southern Alps are much lower than IVT
values during flood-generating ARs in the New Zealand
Southern Alps (Kingston et al. 2016) and other midlatitude
regions such as western United States (Ralph et al. 2019;
Dettinger et al. 2011; Neiman et al. 2013) and the United
Kingdom (Lavers et al. 2012) where strong and persistent IVTs
more than 1000 kgm21 s21 have been recorded during the
major floods. Synoptic analysis of atmospheric conditions asso-
ciated with a winter storm (11–12 October 2016) was conducted
in order to shed more light on the key hydrometeorological
characteristics of ARs in the maritime Southern Alps. The
October event was an example of an AR responsible for both
FIG. 9. Specific humidity and wind directions (black arrows) during the passage of AR over the South Island of
New Zealand at three pressure levels (500, 800, and 900 hPa).
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FIG. 10. Vertical profiles of specific cloud ice and liquid water content andwind components
across the cold front for (a) 0000 NZST 11 Oct 2016 and (b) 1200 NZST 11 Oct 2016.
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snow and rain at high altitudes. Strong fields of IVT within a
northwesterly airflow and concomitant low pressure systems
provided favorable conditions for heavy snowfall events in the
Southern Alps. Additionally, exploring the vertical profiles of
moisture transport across the cold front provide new insights to
enhance our understanding of hydrometeorological attributes
of a landfalling AR such as cloud water content and wind
components. The consistency of presence of low- and midlevel
moisture (below 500 hPa) and strong winds were identified
during the passage of this AR over the Southern Alps (Fig. 9).
The enhancedmagnitudes of mid- and low-tropospheric specific
humidity (.6 g kg21 below 850 hPa) and strong wind velocities
perpendicular to the Southern Alps resulted in an AR with
northwesterly direction. This northwesterly airflow is analogous
to those ARs associated with largest snowfall events recorded at
in central and northern parts of the Southern Alps (Fig. 5). In
addition, these characteristics of an AR-associated snowfall
event over the Southern Alps are comparable to those findings
FIG. 11. (a) VICFWF and (b) VICLWF (kgm21 s21) at 0000 NZST 11 Oct 2016. (c) VICFWF and (d) VICLWF
(kgm21 s21) at 1800 NZST 11 Oct 2016. (e) Vertical profile of temperature for pressure levels between 300 and
1000 hPa for the grid points of the study sites.
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reported from other midlatitude regions such as Mount Shasta
and the Sierra Nevada in California, United States (Hansen
2016; Backes et al. 2015), and the Central Andes (Viale and
Nuñez 2011), where the low-level tropospheric water transport
with a strong component of themeridional windwere distinctive
characteristics of ARs responsible for extreme snowfall events.
The vertical profiles across the cold front presented in this study
(Fig. 10) highlights the key features of ARs (e.g., could water
content and wind components) relative to the position of the
cold fronts when they make landfall over a mountainous region.
The maritime characteristics of the New Zealand Southern
Alps result in conditions where the snowfall events occur at
temperatures close to freezing levels (Cullen and Conway
2015; Fitzharris et al. 1999). Even though the majority of AR-
related winter storms investigated in this study produce large
snowfall events at higher altitudes of the Southern Alps, the
sameweather systems concurrently could lead to heavy rainfall
events at coastal regions on the west coast where they first
make landfall over the New Zealand region. At high altitudes,
however, the phase of the winter precipitation is largely
influenced by the variations of the rain/snow transition line
(Minder et al. 2011; Minder and Kingsmill 2013), where
changes of a few hundreds of meters in the position of the
transition from liquid to solid precipitation can significantly
influence the precipitation type and hydrological processes in
the alpine catchments (Minder 2010; White et al. 2002;
Harpold et al. 2017; Harder and Pomeroy 2014). During
October 2016 event, as the AR initially made landfall in the
southwest of the South Island and then moved north, the po-
sition of the rain/snow transition and the cold front made a
large distinction between precipitation type (solid or liquid)
across the Southern Alps. While heavy snow fell at Mt Larkins
andMuellerHut during the passage of theAR, a shift from rain
to snow occurred in the northern parts of the Southern Alps
resulting in ROS at Mahanga. This is despite the fact that all
three observation sites are located at somewhat similar alti-
tudes. This highlights the importance of an accurate assessment
of the rain/snow transition during winter precipitation in the
maritime environments given the high sensitivity to small
changes in temperature variations.
As this study focused on ARs associated with large snowfall
events, a question remains about the frequency of wintertime
ARs and their role in both annual snow accumulation and
rainfall events. Investigating the association between the ARs
and rainfall events in the Southern Alps during winter is im-
portant, for a higher frequency of wintertime ROS events has
been projected in a warming climate where a shift from snow-
dominated patterns to rain-dominated patterns is inevitable
(Barnett et al. 2005; Bieniek et al. 2018; Cohen et al. 2015).
Several studies have predicted significant changes across the
globe in the trend and frequency of ARs due to a warming
climate (Espinoza et al. 2018; Lavers et al. 2013, 2015). More
frequent episodes of rain-generating ARs during winter and
spring would largely impact the hydrological cycle by melting
snow cover at higher rates resulting in the reduction of
streamflow during spring (Surfleet and Tullos 2013; Cohen
et al. 2015). The relatively warmer nature of ARs and their
sensitivity to changes in temperature reported in similar
midlatitudeAR-affected regions such as western United States
and South American Andes (Guan et al. 2016; Viale and
Nuñez 2011; Dettinger 2011; Lavers et al. 2015) provide evi-
dence that a warming climate can pose a major threat to the
future of seasonal snowpacks at midlatitudes as more AR-
related snowfall events would turn into rain events. In the
Southern Alps, even though, previous studies have shown
the frequent occurrence of winter ROS in the Southern Alps
(Moore and Owens 1984); knowledge gaps have remained
regarding the impacts of such events on alpine hydrology of
the Southern Alps.
5. Summary and conclusions
It is generally understood that ARs are important in hy-
drological events in the midlatitude regions. In this study we
focused on recognizing the role of ARs in solid precipitation of
the SouthernAlps.Daily snowobservations from three locations
across the Southern Alps were combined with atmospheric
variables from ERA-Interim reanalysis data to investigate the
moisture transport during large snowfall events. Comparing the
average annual sum of large snow events with the total annual
snow accumulation indicates that such events could account for
up to 40% of the total snow accumulation throughout a snow
year highlighting their relative importance in winter precipita-
tion over the Southern Alps. The occurrence of snow events in
the Southern Alps is significantly influenced by atmospheric
forcing over the Tasman Sea. Strong fields of IVT responsible
for moisture transport, accompanied by low pressure systems
centered in west and southwest of the New Zealand’s South
Island are the main driver of large snowfall events over the
Southern Alps. Our findings provided further evidence about
the strong connection between wintertime large snowfall events
and landfalling ARs in the Southern Alps, where a majority of
such large snowfall events were resulted from narrow and strong
moisture flux traveling across the Tasman Sea toward the
Southern Alps. The frequent occurrence of ARs during large
snow events across the Southern Alps indicates the key role of
meridional water transport for precipitation. The moisture
transport within a predominantly northwesterly airflow is a sig-
nificant contributing component during large snowfall events.
Analysis of vertical profiles shows that low- and midlevel jet
streams play a critical role in transferring moisture across the
South Pacific Ocean over Tasman Sea prior to large snowfall
events in the Southern Alps. The close relationship between
ARs and large snowfall events has implications on predictability
of extreme winter precipitation in the Southern Alps. Since the
position and strength of water vapor flux inside an AR impact
the magnitude of incoming moisture available for precipitation,
the findings of this study can be used to complement operational
forecasting models for predicting large snow events in the
maritime conditions.
Future work would address the frequency of wintertime
ARs making landfall in the region and their potential role
in producing rain rather than snow at higher altitudes.
Investigating mesoscale characteristics of AR-related rain
and snow storms in the Southern Alps could provide further
knowledge about the impacts of large-scale circulation
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patterns on physical processes controlling the precipitation
type in the Southern Alps.
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